Fu brick tea is a unique post-fermented tea product which is fermented with microorganism during the manufacturing process. Metabolic analysis showed that most metabolites content were decreased during the manufacturing process of Fu brick tea, except GA (gallic acid). Illumina MiSeq sequencing of ITS gene amplicons was applied to analyze the fungal community succession. The genera Aspergillus, Cyberlindnera and Candida were predominant at the early stage of manufacturing process (from "primary dark tea" to "fermentation for 3 days"), but after the stage of "fermentation for 3 days" only Aspergillus was still dominated, and maintain a relatively constant until to the end of manufacturing process. The effects of metabolites on the structure of the fungal community were analyzed by redundancy analysis (RDA) and variation partitioning analysis (VPA). The results indicated that GCG (gallocatechin gallate), EGCG (epigallocatechin gallate) and GA as well as the interactions among them were the most probably ones to influence, or be influenced by the fungal communities during the fermentation process of Fu brick tea. This study revealed fungal succession, metabolite changes and their relationships, provided new insights into the mechanisms for manufacturing process of Fu brick tea.
Results
Metabolite changes during the manufacturing process of Fu brick tea. The metabolites, including water extract (WE), soluble sugar (SS), flavonoid (FLA), organic acid (OA), tea polyphenol (TP), amino acid (AA), gallic acid (GA), caffeine (CAF), epigallocatechin gallate (EGCG), epicatechin gallate (ECG), gallocatechin gallate (GCG), epigallocatechin (EGC), epicatechin (EC), catechins (C), were analyzed during the manufacturing process of Fu brick tea. As shown in Fig. 1 , significant decreasing of WE and SS were beginning at S5 and S6, then continued decreased to the end of manufacturing process of Fu brick tea (P < 0.05). A 16.68% decrease in WE and a 26.87% decrease in SS were observed at S10 compared with S1. The level of FLA and OA ranged from 0.86 ± 0.01% to 1.05 ± 0.03% and 1.34 ± 0.20% to 1.65 ± 0.02%, but no significant difference were observed during the manufacturing process of Fu brick tea (Fig. 1A) . The concentration of TP was significantly decreased by 30 .61% from S1 to S10 during the manufacturing process of Fu brick tea (P < 0.05). But AA ranged from 1.10 ± 0.01% to 1.35 ± 0.02%, which slightly decreased but no significantly difference were observed during the process of Fu brick tea (P > 0.05) (Fig. 1B) . The level of CAF ranged from 0.91 ± 0.01% to 1.17 ± 0.01%, which was slightly decreased beginning at S2 and continued to the end of the process (P > 0.05). The level of GA was relatively stable from S1 to S5 and sharply increased from S5 to S7, then decreased until the end of the process, but the concentration also increased by 58.48% in S10, compared with S1 (P < 0.05) (Fig. 1C ). The level of EGC was slightly decreased from S1 to S8 and dramatically decreased from S9 to S10 and a 58.83% decrease was observed at S10 compared with S1 (P < 0.05). But the concentration of C and EC ranged from 0.25 ± 0.01% to 0.34 ± 0.01% Figure 1 . Metabolite changes during manufacturing process of Fu brick tea. water extract (WE), soluble sugar (SS), flavonoid (FLA), organic acid (OA), tea polyphenol (TP), amino acid (AA), gallic acid (GA), caffeine (CAF), epigallocatechin gallate (EGCG), epigallocatechin (EGC), epicatechin gallate (ECG), gallocatechin gallate (GCG), epicatechin (EC), catechins (C). *Indicated that the significance <0.05, compared with S1; **indicated that the significance <0.01, compared with S1. and 0.16 ± 0.01% to 0.24 ± 0.01%, which were relatively stable during the manufacturing process. The level of EGCG, GCG and ECG were slightly decreased from S1 to S7 (P > 0.05), and significantly decreased from S8 to the end of the manufacturing process of Fu brick tea (P < 0.05) ( Fig. 1D ).
Diversity of fungal communities during the manufacturing process of Fu brick tea. After qual-
ity filtering and chimera removal, a total of 285,184 of valid sequences were generated from the samples, with an average sequence number of 28,518 for each sample (range from 20846 to 37278). At 97% sequence identity, 216 OTUs (operational taxonomic units) were identified (Supplementary Information Table S1), ranged from 3 to 130 through the manufacturing process. The value of Good's coverage were >99% for all sequences from ten groups, indicating sufficient sequencing depth for microbial communities in Fu brick tea. The Shannon and Simpson index, the Chao1 and ACE estimator demonstrated that both the diversity and richness of fungus were no significant change from S1 to S4 sample, but dramatically decreased in S5 and maintained relatively constant until the end of the manufacturing process of Fu brick tea ( Supplementary Information Table S2 ). These changes were related to the dominance of specific taxonomic group during the manufacturing process. The rarefaction curves and Shannon-Wiener curves for all samples almost reached the saturation phase, suggesting that there few new microbes would be identified by increasing the sequence depth, and the majority of fungal microbes in the samples had already been captured in the analysis (Supplementary Figure S1A and B). Rank-abundance curves indicated that a majority of the reads belonged to rare organisms represented by only a few sequences, particularly for S5~S10 samples (Supplementary Figure S2 ). To evaluate the similarities of fungal communities in different process stage of Fu brick tea samples, NMDS analysis based on Bray-Curtis distance was performed. The result showed that the samples could be divided into four groups: the first group, including S1; the second group, including S2; the third group, including S3, S4; the fourth group, including S5~S10 ( Fig. 2A ). The Venn diagram analysis was used to show the shared OTUs among different stages of manufacturing process after singleton sequences being removed. The samples were divided into four groups based on the NMDS analysis. This analysis showed that only 5 of the identified OTUs were shared among all the groups, while 38 of 174 OTUs, 54 of 229 OTUs and 6 of 133 OTUs were shared between the groups in group I and group II, group II and group III, group III and group IV, respectively (Fig. 2B ). The detail information of Venn diagram analysis was provided in Supplementary Information Table S3 .
Composition of fungal communities during the process of Fu brick tea.
To identify the taxonomic composition of fungal communities among three groups, the RDP classifier was used to assign the sequence tags to different taxonomic levels at 70% threshold. All the identified OTUs could be assigned into 4 different phyla, 16 classes, 40 orders, 69 families or 102 genera. As shown in Fig. 3 , Ascomycota was the predominant phylum in all samples, accounting for 95.05%~99.99% of total effective sequences. Basidiomycota and some other phylum fungi were also identified in the early stage of process samples, but almost not detected after S5 of manufacturing process (Fig. 3A) . The order Eurotiales, Saccharomycetales and Hypocreales predominant from S1 to S4 samples, but quickly replaced by Eurotiales after S5 and remained stable until the end of manufacturing process in Fu brick tea ( Fig. 3B) .
At the genus level, Aspergillus, Cyberlindnera and Candida comprised >80% of all sequence. Aspergillus dominated the whole manufacturing process of Fu brick tea, which represented the largest fraction, first increased from 65.13% in S1 sample to 93.58% in S2 sample and significantly decreased to 43.63% in S3, then dominant until the end of process, with relative abundance clearly increased to 99.99% in S6. Cyberlindnera account for 23.46% of all sequences in S1 and was dramatically decreased to 1.47% in S2, then sharply increased to 25.72% in S3, and almost not detected from S6 sample to the end of manufacturing process. Candida increased from the initial 3.25% in S1 to 27.46% in S2 and decreased to 13.23% in S3, but also not detected from S6 to the end of manufacturing process. Variations in some small proportions in the groups Wallemia (0.81% to 0.57%), Penicillium (2.49% to 0.01%) were also observed during manufacturing process of Fu brick tea ( Fig. 3C ).
Relationships between fungal community and metabolites.
In order to evaluate the effects of metabolite factors on the structure of fungal community during manufacturing process of Fu brick tea, the multivariate analysis were performed. The gradient lengths were 0.959, 0.652, 0.186 and 0.183 from the first to the fourth axis, as retrieved by detrended correspondence analysis (DCA). The result of DCA indicated that the gradient length of the first axis was less than 3SD. Therefore, the linear model with RDA was considered to be the appropriate ordination method for direct gradient analysis. As shown in Fig. 4 , the results of forward selection of RDA showed that the most variation of the fungal community structure could be well explained by GCG, EGCG and GA during the manufacturing process. The model statistically explained up to 90.30% of the variation (P = 0.004) ( Fig. 4A ). Furthermore, the result of VPA indicated that GCG, EGCG and GA explained 38.10% (P = 0.002), 23.80% (P = 0.004) and 7.10% (P = 0.026) of the variation in fugal community structure, respectively. The variation shared by GCG, EGCG and GA catechins was 21.30% ( Fig. 4B ). Those factors as well as the interactions among them were the most probably ones to influence, or be influenced by the fungal communities during the fermentation process of Fu brick tea.
As shown in Table 1 , Pearson's correlation between fungal community and major metabolites were also analyzed. Genus of Aspergillus was significantly (P < 0.05) correlated with WE, TP, AA, CAF, EGCG, GCG and ECG. Cyberlindnera was significantly (P < 0.05) correlated with WE, TP, CAF, GCG and ECG. Candida was significantly (P < 0.05) correlated with AA, GCG and ECG. Wallemia and Fungi_unclassified were significantly (P < 0.05) correlated with WE, AA, GCG and ECG. Penicillium was significantly (P < 0.05) correlated with WE, TP, CAF, EGC, EGCG, GCG and ECG. Ascomycota_unclassified was significantly (P < 0.05) correlated with TP and CAF. Eucasphaeria was significantly (P < 0.05) correlated with TP and CAF. However, no fungal genera were significantly (P > 0.05) correlated with FLA, OA, EC and C.
Discussion
Fu brick tea is a unique post-fermented tea product which is fermented with microorganism during the manufacturing process. To the best of our knowledge, this is the first report on the fungal community succession and metabolite changes during the manufacturing process of Fu brick tea by high throughput Illumina MiSeq sequencing, spectrophotometry and HPLC. The results, from dramatic changes in fungal community structure and metabolites as well as correlation analysis, indicated strong relationships between metabolites and fungal community during the manufacturing process of Fu brick tea.
Our metabolic analysis showed that WE, SS, TP and catehins were significantly decreased, but GA was significantly increased during the manufacturing process of Fu brick tea. These changes probably resulted from moisture and heat reaction and microbial metabolism 18 . Several enzymes secreted from genus of Aspergillus, such as cellulases, hemicellulases, proteases and α-amylases, could catalyze the major metabolites in Pu-erh tea during fermentation process 11, 19 . The decrease of SS may be related to microbial growth that SS could be used as the carbon source of microbial growth during the manufacturing process 20 . Our previous study indicated that the degradation of TP and catechins in the early stage of process might be resulted from moisture and heat reaction, but in the later stage of process was mainly related to the microbial metabolism. And this degradation was good for the formation of Fu brick tea's taste and its special aroma 20 . The aldehyde compounds of stale aroma and terpene alcohols of flower aroma which specially increased after the fermentation process were from decarboxylation and oxidative deamination of amino acids 21 . The increase of GA may be also the result of hydrolysis of galloylated catechins and microbial metabolism, which might be helpful on some bioactivity of Fu brick tea 10 . Interesting, these decreased components were the major functional components of tea, but Fu brick tea still has a strong health benefits. Mo et al. reported that the activities increased with the course of microbial fermentation process (MFP) of Fu brick tea, which indicated that this process produced new varieties of functional metabolites 2 . Furthermore, new metabolites such as three triterpenoids 22 , one norisoprenoid 23 , seven new B ring fission catechins (flavan-3-ols) derivatives [24] [25] [26] were reported from a few phytochemical investigations on Fu brick tea. Especially these B ring fission catechins have not been identified in other tea products, which suggested that the biochemical profiles of Fu brick tea were influenced significantly by MFP.
Fungal community succession showed that the genera Aspergillus, Cyberlindnera and Candida were predominant from S0 to S4, but only the genus of Aspergillus was still dominated in Fu brick tea from S5 and maintained constant until the end of manufacturing process. The genus Aspergillus is a group of filamentous fungi consist of more than 250 species, which is the most economically important of the fungal genera 27 . Many species of Aspergillus are used in biotechnology for the production of various metabolites, such as antibiotics, organic acids, medicines or enzymes, or as agents in many food fermentations 28 . The fungal genus Eurotium, which is the teleomorph of Aspergillus, has been proved to be a rich source of novel bioactive metabolites 29, 30 . Since the recent synonymization of the teleomorph-based genus Eurotium with Aspergillus by the International Commission on Aspergillus (ICPA, 2012), which adopted the newly established principle "one fungus, one name" (Norvell, 2011), species formerly included in the genus Eurotium are displayed with their Aspergillus name 27 . Many previous reports showed that Aspergillus cristatum (Eurotium cristatum) was the dominant fungus during the manufacturing process of Fu brick tea 31, 32 , and it is considered to be safe under low-and high-osmolarity conditions by genomic, transcriptomic and HPLC analysis 33 . Several indole alkaloids and indole diketopiperazine alkaloid were identified from the culture extract of Aspergillus cristatum and these compounds were proved to possess WE FLA brine shrimp lethality, antibacterial activity against E. coli, radical scavenging activity against DPPH radicals, and exhibited marginal attenuation of 3T3L1 pre-adipocytes [34] [35] [36] . Both emodin and physcion were also identified in Fu brick tea fermented by Aspergillus cristatum 10 . Non-mycotoxigenic strains of Aspergillus repens and Aspergillus rubrum are used as starter cultures in the manufacture of the traditional fermented food katsuobushi, from bonito (Katsuwonuspelamis), in Japan 37 . During katsuobushi fermentation these xerophilic fungi produce effective antioxidants, which participate in the suppression of lipid oxidation such that the fermented katsuobushi is resistant to lipid oxidation and has a long shelf-life 38 .
The genus Lindnera was established to accommodate some Pichia species in the Pichia anomala clade [39] [40] [41] . But Lindnera is a later homonym of a valid published plant genus, the genus Cyberlindnera was introduced as a replacement name for Lindnera, with 21 new combinations 42 . The Cyberlindnera clade contains 23 recognized teleomorphic species and 12 Candida species are also related to this clade 43 . The yeast Cyberlindner ajadinii, previously referred to as Pichia jadinii, Hansenul ajadinii or Candida guilliermondii, was reported to be the teleomorph of Candida utilis (also referred to as Torula yeast) 44 , which was used for almost one hundred years for various biotechnological applications 45 . Because of its capability to efficiently assimilate pentose, including xylose and arabinose, and its robust fermentation characteristics, Cyberlindner ajadinii was exploited to grow large amounts on waste hardwood hydrolysates from the pulp industry. Moreover, some species of Cyberlindnera and Candida, which had a high capability of tannin tolerance, were also isolated from Miang (a fermented food product prepared from tea leaves) 46 . The genus Candida has become one of the largest in species number, present in almost every environment. Yeasts of this genus are abundantly distributed in nature on land and sea, associated with animals or plants and inanimate objects 47 . This genus is distributed across the ascomycetous yeast domain, overlapping with other genera, according to phylogenetic analysis using ribosomal genes. Some species of Candida genus were used in food fermentation, such as Candida etchellsii, Candida milleri, Candida rugosa and Candida tropicalis 28 . Some species of Candida has high phenol degradation ability [48] [49] [50] [51] , bioconversion of corn fiber, sugarcane bagasse and xylose into the sweetener xylitol 52, 53 , enhance of clove and smoked favors and biotransformation of maltose into ethanol in soy sauce process 54 . These properties of yeast Cyberlindnera and Candida genera indicate that their enzyme activities improve the quality of Fu brick tea by degradation of phenol, producing the sweet substance xylitol, and other favors flavour substance. The yeast genera may play an indispensable role in the initial stage of Fu brick tea fermentation.
In conclusion, predominant fungus and major metabolites were analyzed using Illumina MiSeq sequencing, spectrophotometry and HPLC methods, respectively. The metabolic analysis showed that most metabolites content were decreased during the manufacturing process of Fu brick tea, except GA. Illumina MiSeq sequencing analysis showed that the genera Aspergillus, Cyberlindnera and Candida were dominant at the early stage of manufacturing process, but after the stage of "fermentation for 3 days" only the genus Aspergillus was still dominated and maintain a relatively constant until to the end of manufacturing process of Fu brick tea. In addition, the effects of metabolites on the structure of the fungal community were analyzed by RDA and VPA. The results indicated that GCG, EGCG and GA as well as the interactions among them were the most probably ones to influence, or be influenced by the fungal communities during the fermentation process of Fu brick tea.
Materials and Methods
Tea leaf samples and process characterization. Sampling of Fu brick-tea was carried out in a major Fu brick tea production factory, Yiyang Fu Cha Industry Development Co. Ltd. (Yiyang, Hunan Province, China). Primary dark tea, used as raw materials for the process of Fu brick tea, was manufactured from fresh tea leaves as described by DB43/T660-2011 (Supplement Material 1) 55 . And the manufacturing process of Fu brick tea was descripted as follow: a 100 kg primary dark tea was moistened by steaming then piled up to 1.5 m in height and subjected to temperatures as high as 80 °C overnight. After pile fermentation, the tea materials were mixed with 15 L of tap water, then partitioned and pressed into desired sizes of brick tea. And the brick teas were placed in the fermentation room for 20~22 days. During the fermentation process, the temperature and relative humidity of fermentation room was 30 ± 2 °C and 75 ± 3% from 0 day to 15 day. Then the temperature of fermentation room was increased by 2 °C per day until the end of the manufacturing process during the drying process. Finally, the tea products were packaged and stored. Three independent batches of Fu brick tea were prepared simultaneously by the same manufacturing process. The samples were collected from three independent batches of Fu brick tea at different stage of manufacturing process: primary dark tea (S1), piling-fermentation tea materials (S2), fermenting brick-tea in the fermentation room for 0 days (S3), 3 days (S4), 6 days (S5), 9 days (S6), 12 days (S7), 15 days (S8), 18 days (S9) and newly made tea products (S10) at day 22. The samples were packaged in sterile polyethylene bags, transported to the laboratory and stored at −80 °C until required.
Chemical analysis. The content of WE and OA was analyzed determined as described by GB/T 8305-2013 and GB/T 12456-2008, respectively 56, 57 . The concentration of TP, and AA in tea leaves were determined using the spectrophotometric method based on Folin-Phenol and the ninhydrin assay as described by GB/T 8313-2008 and GB/T 8314-2013, respectively 58, 59 . The content of GA, CAF, EGCG, ECG, GCG, EGC, CEC and C were determined, as described previously 60 . The concentration of FLA and SS were determined by a colorimetric method, as described previously 61, 62 . All analysis was performed in three times. The detailed approaches are described in Supplementary Material 2.
DNA extraction and Illumina MiSeq sequencing. Each tea sample (25 g) was mixed with sterile water (125 mL), stirred thoroughly, filtered through three layers of coarse sterile gauze to remove large particles, and centrifuged at18,000 g for 10 min at 4 °C. The microbial genomic DNA was extracted by the E.Z.N.A.Soil DNA Kit (Omega Bio-tek, Norcross, GA, US), and the procedure was according to the manufacturer's protocols.
The ITS1 region of fungal was amplified by PCR for MiSeq sequencing. The ITS1 region of fungi was amplified with the forward primer (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and the reverse primer ITS2 (5′-GCTGCGTTCTTCATCGATGC-3′) 63 . Different barcode sequences were added at the 5′ end of the forward primer for multiplexed pyrosequencing. PCR were carried out in a 20 μL reaction volumes containing 10 ng DNA template, 2 μL dNTPs (2.5 mM), 0.4 μL of each primer (5 μΜ) and0.4 UμL FastPfu Polymerase (Applied Biosystems) in the appropriate 56 FastPfu Buffer (4 μL) and de-ionized ultrapure water (to 20 μL). The protocol was optimized with low cycles for better accuracy and reliability of the subsequent data analysis. The PCR condition were initial denaturation at 95 °C for 2 min, followed by 25 cycles of denaturation at 95 °C for 30 s, annealing at 55 °C for 30 sand extension at 72 °C for 45 s, with a final extension phase at 72 °C for 10 min. The PCR products were extracted from 2% agarose gels and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, US) according to the protocol and quantified using QuantiFluor ™ -ST (Promega, U.S.). Samples were then pooled at equal concentrations. Parallel tagged sequencing was performed using Illumina Miseq Sequencing in Majorbio Bio-Pharm Technology Co., Ltd., Shanghai, China.
Data processing and statistical analyses. Raw reads were demultiplexed and quality-filtered using Trimmomatic software (version 0.36, http://www.usadellab.org/cms/?page=trimmomatic) with the following criteria 64 : (a) The 250 bp reads were truncated at any site receiving an average quality score less than 20 over a 10 bp sliding window, discarding the truncated reads that were shorter than 50 bp; (b) Exact barcode matching, two nucleotide mismatch in primer matching, reads containing ambiguous characters were removed; (c) Only sequences that overlap longer than 10 bp were assembled according to their overlap region. Reads that could not be assembled were also discarded. These sequences were clustered to OTUs (operational taxonomic units) at 97% sequence identity by using Mothur (version 1.25.0, http://www.mothur.org) 65 . The OTUs were used for alpha diversity (Shannon and Simpson), richness (ACE and Chao1), Good's coverage, Rarefaction curve, Shannon-Wiener curve and Venn diagram were performed by Mothur 65 . In addition, Nonmetric Multidimensional Scaling (NMDS) diagram and rank_abundance curves were generated by using R package vegan (version 3.4.0, https://mirrors.tuna.tsinghua.edu.cn/CRAN/). CANOCO 4.5 software was used to conduct multivariate analysis using detrended correspondence analysis (DCA), redundancy analysis (RDA) and variation partitioning analysis (VPA) 66 . One-way ANOVA test, Pearson's correlation coefficients and P values were calculated with IBM SPSS 19.0 (https://www.ibm.com/analytics/us/en/technology/spss/). All results are presented as the mean value (±SE). Differences between groups were declared significant at P < 0.05.
